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The role of staggered potential on light-induced spin and pseudo-spin polarization has been in-
vestigated in silicene. It has been shown that non-equilibrium spin and pseudo-spin polarizations
are emerged in silicene sheet by applying an external perpendicular electric field in the presence
of circularly polarized light emission. This electric field results in pseudo-spin resolved states very
close to the Dirac points therefore could be considered as a pseudomagnetic field. It has been shown
that staggered potential induced spin-valley locking and pseudo-spin resolved bands are responsible
for enhancement of the spin and pseudo-spin polarizations. Meanwhile, spin-valley locking suggests
a coexistence of both spin and valley polarizations with nearly identical population imbalance at
low Fermi energies which could be employed for magnetic detection of the valley polarization. It
has been shown that spin-valley locking results in protection of the spin polarizations against the
relaxations in elastic scattering regime. In addition results indicate that the pseudo-spin current
can be generated by the circularly polarized light which could be explained by asymmetric light
absorption of the states in k-space.
PACS numbers: 77.22.-d 71.45.Gm 73.22.-f
I. INTRODUCTION
Linear dispersion relation in the vicinity Fermi energy
in graphene leads to semi-metallic behavior which is de-
scribed by the massless Dirac theory [1]. Graphene shows
a variety of outstanding electronic and optical properties
which make it one of the best candidates of optoelectronic
applications [2].
Monolayer graphene-like materials have attracted con-
siderable attention during last decade. They inherit their
rich physics from their famous counterpart i.e. graphene.
Analogous to graphene, the basic structure of graphene-
like materials is honeycomb lattice. The physics of this
group of two dimensional (2D) materials is described
by the massive Dirac fermions theory which stems from
rather large intrinsic spin-orbit coupling that the latter
originates from structural buckling [3]. The large ionic
radius of silicon and group IV elements of the periodic
table, leads to this structural buckling [3].
Another prominent feature of buckled structures is the
tunable band gap that can be controlled by an external
electric field [4]. Silicene, germanene and stanene illus-
trate many attractive electronic and spintronic proper-
ties. Biased single layer silicene and germanene were re-
ported to work effectively as field effect transistors while
a vertical electric field can open a band gap in their semi-
metallic band structure [5].
Edge manipulation of the mentioned 2D materials were
studied which can suggest very promising applications: a
giant magnetoresistance which can lead to a topological
quantum transistor and a perfect spin filter [6]. Poten-
tial application of silicene, germanene and stanene for
∗Corresponding author’s Email: shahabi@azaruniv.ac.ir
Na or Li ion storage in Na or Li batteries has also been
investigated [7].
Any two-component quantum degree of freedom which
is mathematically equivalent to spin, can be considered as
pseudo-spin. In 2D systems with two sublattices, pseudo-
spin portraits the sublattice degree of freedom with the
eigenstates localized on A or B sublattices [8]. Pseudo-
spin is analogous to the true electron spin but behaves
totally different under time-reversal and parity inversion
[10]. Pseudo-spin stems from the degeneracy between two
inequivalent atomic sites per unitcell [9]. Meanwhile, [9],
Mecklenburg et al have demonstrated that the sublattice
state vector represents indeed a real angular momentum
in 3 + 1 dimensions.
Pseudo-spin is not associated with the internal mag-
netic moment of electron and does not interact with an
external magnetic field however, can manifest itself in ob-
servable quantities and can be detected in transport phe-
nomena and inter-band optical absorption [10]. Trushin
et al have shown that due to the out-of-plane orientation
of pseudo-spin, switching the helicity of circularly polar-
ized light can cause a reduction or enhancement in inter-
band absorption because the elements of inter-band tran-
sition matrix are sensitive to the light polarization and
also pseudo-spin orientation in the initial and final states
[10]. Although the pseudo-spin eigenstates are really ro-
bust, the exchange electron-electron interaction can alter
the pseudo-spin orientation [10].
Interesting effects arise as a result of the buckling in
silicene therefore particular interest of the present re-
search is focused on this material. Among different pro-
posed hybridizations, buckled silicene, which would be
named as Si(111), is described by the hybridization in
the second-nearest neighbor (2NN) tight-binding model.
This hybridization is the most desired one due to stability
reasons [11–14]. Orbitals form bonds with their second
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2nearest neighbors (2NNs). These bonds are responsible
for conduction of the buckled silicene (Si (111)).
In this work, light-induced non-equilibrium pseudo-
spin polarization has been studied. Results show that
pseudo-spin polarization and also pseudo-spin-polarized
current are injected in silicene due to the external perpen-
dicular electric field which determines the silicene phase.
Applying this field leads to inversion symmetry breaking.
Another intriguing feature in 2D systems is spin-valley
locking. Two inequivalent energy extrema in energy dis-
persion of these materials introduce valley degree of free-
dom which is very promising in the new research field;
vallytronics [15]. The valley polarization is an imbalance
in the electron population in two valleys [15]. The sys-
tems which exhibit three following features: Preserving
P and T symmetries; owning two well-distinguished en-
ergy extrema called valleys which are transformed to each
other by T symmetry; and having large spin-orbit cou-
pling; are good candidates for injecting valley-dependent
spin polarization by an external electric field. Before ap-
plying this electric field, system is spin degenerate and
also valley degenerate. By applying electric field, which
is responsible for P symmetry breaking, large spin-orbit
coupling in silicene leads to spin sub-bands splitting as
if they were exposed to a magnetic field. Therefore this
effect is called Zeeman-like splitting [15]. As no exter-
nal magnetic field is applied, the system is T-symmetric.
Therefore the opposite spin polarizations are formed in
two valleys. This spin polarization emerged in valleys
is electric-field reversible [15] i.e. changing the sign of
electric field, which transforms two valleys to each other,
will lead to flip of spin polarization. In spite of lack of
knowledge about spin and valley relaxation timescales,
it has been reported that spin-valley locking effect en-
hances spin and valley relaxation times [15, 16]. Another
interesting feature of this effect is the ability of control-
ling the valley polarization via lifting the valley degener-
acy [15]. In the present study it has been shown that
spin-valley locking provides a powerful framework for
magnetic-based valley polarization measurement. In ad-
dition it has been demonstrated that the inversion sym-
metry breaking normal electric field enhances the light
induced pseudo-spin polarization and pseudo-spin cur-
rent significantly.
The rest of present paper is organized as follows: Sec.
II represents the system characteristics briefly. Sec. III
explains the considered model to describe silicene. Sec.
IV is devoted to the significance and role of staggered
potential in silicene physics. In Sec. V the previous works
in the field generation and detection of valley polarization
has been summarized and Sec. VI provides discussion
and results. Finally, present work is summarized and a
conclusion of main results are given in Sec. VII.
FIG. 1: (Color online) Schematic side view of the silicene pi
orbitals in buckled configuration.
II. SYSTEM CHARACTERISTICS
In order to get pi-bonds of sp3 orbitals along the z-axis
we choose a linear combination of s, px , py and pz in
which sp3 orbitals take the forms below:
φ
(1)
sp3(θ, ϕ) =
1
2
s(θ, ϕ) +
√
3
2
pz(θ, ϕ) (1)
φ
(2)
sp3(θ, ϕ) =
1
2
s(θ, ϕ)− 1√
12
pz(θ, ϕ) +
√
2
3
px(θ, ϕ)
φ
(3)
sp3(θ, ϕ) =
1
2
s(θ, ϕ)− 1√
12
pz(θ, ϕ)− 1√
6
px(θ, ϕ)
+
1√
2
py(θ, ϕ)
φ
(4)
sp3(θ, ϕ) =
1
2
s(θ, ϕ)− 1√
12
pz(θ, ϕ)− 1√
6
px(θ, ϕ)
− 1√
2
py(θ, ϕ)
φ
(1)
sp3 contributes in pi-bonds while φ
(2)
sp3 , φ
(2)
sp3 and φ
(4)
sp3
contribute in the σ-bonds. Considering only the orbital
which form pi-bonds, one can write
φ
(1)
sp3(r, θ, ϕ) =
1
2
R30(r)Y00(θ, ϕ) +
√
3
2
R31(r)Y10(θ, ϕ),
(2)
in which Ylm(θ, φ) and Rnl(r) are the spherical harmon-
ics and atomic radial wave functions respectively (see
appendix A.1-A.3).
Overlap of parallel orbitals on adjacent Si atoms which
are normal to the structure plane form pi bonds in sil-
icene. φ
(1)
sp3 orbitals of pi-bonds are z-oriented and have
the key role in electron and spin transport. The other sp3
orbitals take part in σ-bonds which are covalent-types
bonds and have no direct influence on charge transport.
Using these pi-bond orbitals one can develop the tight-
binding approach as described in the next section.
3III. MODEL
More or less analogous to graphene, monolayer
graphene-like materials are also honeycomb lattice struc-
tures and can be described by the tight-binding model
[17, 18]. The rather strong intrinsic spin-orbit coupling
is responsible for spin dynamics [19] and makes graphene-
like structures topological insulators [4]. In addition,
there is a layer separation between the two sublattices in
their buckled structure which makes the gap tunable by
applying a perpendicular electric field, Ez [4]. Therefore
the Hamiltonian describing graphene-like materials takes
the following form [17, 18]. The values of parameters vary
for different graphene-like structures. Hamiltonian of the
silicene is given by the following expression:
H = H0 +HSO +HintR +HextR +Hb (3)
H = −t
∑
〈ij〉α
c†iαcjα + itSO
∑
uij
〈〈ij〉〉αβ
c†iα (σ
z)αβ cjβ
−itintR
∑
uij
〈〈ij〉〉αβ
c†iα
(
⇀
σ ×
⇀
d ij
)z
αβ
cjβ (4)
+itextR
∑
〈ij〉αβ
c†iα ((σdij)
z
)αβ cjβ + l
∑
iα
ζiE
i
zc
†
iαcjα
Where c†iα creates an electron with spin polarization α
and orbital state of φ
(1)
sp3 at site i and ciα annihilates an
electron with spin polarization α and orbital state φ
(1)
sp3
at site j. Where, < i, j > (<< i, j >>) run over all
the nearest (next nearest) neighbor hopping sites. The
first term represents nearest-neighbor hopping in which
t is the hopping energy. The second term represents the
effective spin-orbit coupling where uij =
di×dj
|di×dj | , di and
dj denote the nearest bonds that connect the next near-
est neighbors. In addition, uij = 1 or uij = −1 in case
that next- nearest neighbor hopping is counterclockwise
or clockwise respectively. for the electrons in the sublat-
tice A, µij = +1 and for the electrons in the sublattice
B, µij = −1. tSO is the strength of the effective spin-
orbit coupling and the Pauli matrix in the spin space is
denoted by σ. The third term represents the intrinsic
Rashba spin-orbit coupling related to the next-nearest-
neighbor hoping. The forth term indicates the external
Rashba spin-orbit coupling which is associated with the
first-nearest-neighbor hoping. As a consequence of inver-
sion symmetry breaking, this term could be induced by
an external electric field or a substrate. The last term is
the sublattice potential term which arises from structural
buckling. l stands for the buckling height, ζi = +1(−1)
for the sublattice A(B) degree of freedom and Ez is the
external electric field perpendicular to the 2D sheet which
can control the amount of staggered sublattice potential,
lEz.
The Hamiltonian reads as follow
H =
 η 0 γk i(λ+ + β+)0 −η i(λ− + β−) γkγ∗k −i(λ∗− + β∗−) −η 0−i(λ∗+ + β∗+) γ∗k 0 η
 . (5)
Where we have defined following parameters
η = tSO(2 sin(kya)− 4 sin(
√
3
2
kxa) cos(
kya
2
)) (6)
|γ|2 = 1 + 4 cos(
√
3
2
kya) cos(
3
2
kxa) + 4 cos
2(
√
3
2
kya)
and also λ± = λ1 ± λ2, β± = β1 ± β2
λ1 = 2itintR(sin(kya)− sin(kya
2
) cos(
√
3
2
kxa)) (7)
λ2 = 2
√
3tintR cos(
kya
2
) cos(
3
2
kxa) (8)
β1 = textR exp(−i kxa
2
√
3
) sin(
kya
2
) (9)
β2 =
√
3
3
textR(exp(i
kxa√
3
) + exp(−ikxa√
3
) cos(
kya
2
))
(10)
TABLE I: Lattice constant and Energy scales for graphene
and other buckled honeycomb materials [20, 21].
material a(A˚) t(eV) tSO(meV) tintR(meV) l(A˚)
silicene 3.86 1.6eV 0.75 0.46 0.23
graphene 2.46 2.8 0.00114 — 0
To provide a clear understanding of the most important
factors in the light induced effects we have ignored the
intrinsic Rashba interaction in the numerical computa-
tions.
The interaction between the electrons and an elec-
tromagnetic radiation field in length gauge and long-
wavelength approximation inside the silicene has the
4form [22]
V = e
∫
d
⇀
r ψˆ†(
⇀
r )(
⇀
r .
⇀
E(t))ψˆ(
⇀
r ) (11)
By expanding the field operators in terms of the silicene
wave functions
ψˆ(
⇀
r ) =
1√
N
∑
k,RA
e−ik.RAφ(1)sp3 (r −RA) ak
+
∑
k,RB
e−ik.RBφ(1)sp3 (r −RB) bk (12)
where a†k (ak) is creation (annihilation) operator which
creates (annihilates) an electron with wave vector k in
sublattice A. Similarly b†k (bk) is creation (annihilation)
operator which creates (annihilates) an electron with
wave vector k in sublattice B. Using above relations one
can write
V =
∑
k,k′
(
⇀
DAA.
⇀
E(t)a†k′ak +
⇀
DAB .
⇀
E(t)a†k′bkf(k)
+
⇀
DBA.
⇀
E(t)b†k′akf
∗(k) +
⇀
DBB .
⇀
E(t)b†k′bk)δk,k′
=
( ⇀
DAA.
⇀
E(t)
⇀
DAB.
⇀
E(t)f(k)
⇀
DBA.
⇀
E(t)f∗(k)
⇀
DBB.
⇀
E(t)
)
⊗ IS
(13)
In which IS is the identity operator in spin space and
electric dipole moment is defined by the following relation
⇀
Dαβ =
∫
d3rφ
(1)∗
sp3 (r −RA)e
⇀
r φ
(1)
sp3 (r −RB) ,
(α, β = A,B) (14)
and f(k) =
∑
i e
i
⇀
k .
⇀
δ i where
⇀
δ i are the nearest neighbors
position vectors. Electric part of the light emission is
identified by
⇀
E(t) = E(t)ˆp in which ˆp denotes the light
polarization and in the present work has been assumed to
be ˆp = (1, i, 0) for a circularly polarized incident wave.
Eventually, the light-matter interaction takes the form
V =

⇀
DAA 0 f(k)
⇀
DAB 0
0
⇀
DAA 0 f(k)
⇀
DAB
f∗(k)
⇀
DBA 0
⇀
DBB 0
0 f∗(k)
⇀
DBA 0
⇀
DBB
 ·
⇀
E(t)
(15)
Where according to Eq. (14), it can be shown
that the off-diagonal elements of the dipole mo-
ment i.e. DAB and DBA are relatively small
⇀
DAB =
⇀
DBA '
(
5.96× 10−5,−6.13× 10−10,−5.12× 10−5)
(in the unit of electron-Angstrom; eA˚) in compar-
ison with diagonal elements, DAA and DBB that
have considerable values given by
⇀
DAA =
⇀
DBB '
(
1.915× 10−5,−4.112× 10−7,−0.240) (eA˚).
It should be noted that even small off-diagonal ele-
ments of the dipole moment have to be considered. Ig-
noring these components leads to a diagonal V matrix
which cannot result in inter-band transitions and non-
equilibrium polarization injection.
According to Inglot et al [19], the injection rate of
any quantity Oˆ is obtained using the well-known Fermi’s
golden rule,
O(ω) =
∑
n,n′
On→n
′
(ω) (16)
On→n
′
(ω) =
2pi
~
∫
d2k
(2pi)2
∣∣∣〈ψnk ∣∣∣Vˆ ∣∣∣ψn′k〉∣∣∣2 Oˆn→n′
×δ(Enk + ~ω − En′k)f(Enk)(1− f(En′k))
Where n and n′ are the numbers of sub-bands which
optical transitions occur within and f(Enk) is the Fermi-
Dirac distribution function. Then the non-equilibrium
quantities such as spin injection
Sn→n
′
z = 〈ψn′k |sˆz|ψn′k〉 − 〈ψnk |sˆz|ψnk〉 , (17)
non-equilibrium normal pseudo-spin
τn→n
′
z = 〈ψn′k |τˆz|ψn′k〉 − 〈ψnk |τˆz|ψnk〉 , (18)
and pseudo-spin current
Jn→n
′
τz =
〈
ψn′k
∣∣∣Jˆτz ∣∣∣ψn′k〉− 〈ψnk ∣∣∣Jˆτz ∣∣∣ψnk〉 (19)
could be defined within this approach where Jˆτzα =
1
2 (vˆατˆz + τˆz vˆα) and vˆα =
1
~
∂Hˆ
∂kα
is the band velocity along
the α-direction.
On→n
′
measures the change of expectation value of O
via the transition from initial energy band n to band n′
i.e. On→n
′
=
〈
ψn′k
∣∣∣Oˆ∣∣∣ψn′k〉 − 〈ψnk ∣∣∣Oˆ∣∣∣ψnk〉 . There-
fore, induced polarization represents the variation of op-
erator O due to transitions i.e. the non- equilibrium po-
larization of system due to optical pumping.
In the light absorption process, at the range of photon
energies that are slightly greater than the band gap, there
is another key factor which specifies how much a transi-
tion could be effective in generation of polarization. The
electron-hole asymmetry is a consequence the Rashba
spin-orbit interaction [23]. For those transitions that take
place between valence and conduction bands particle-hole
asymmetry can enhance the non-equilibrium values of a
given observable. Asymmetry between the conduction
and valence bands results in more effective transitions in
which the change of expectation values for excited elec-
tron is high.
IV. THE INFLUENCE OF STAGGERED
POTENTIAL
In the current investigation, a buckled silicene struc-
ture has been considered within the semi-classical ap-
5proach. In the case of graphene, applying a large ex-
ternal magnetic field is crucial for observing photogal-
vanic effect and light induced spin polarization [19]. In
this case Fermi surface deformation caused by external
magnetic field, has been considered to be responsible for
non-equilibrium spin-current [19]. However, in the case of
silicene, significant photon induced polarizations can be
injected even at zero magnetic field but in the presence of
a normal static electric field. The spin-orbit coupling in
silicene is strong enough and can sufficiently lead to band
energy splitting, meanwhile, normal electric field results
in pseudo-spin polarized bands and spin polarized valleys
close to the Dirac points.
When the perpendicular static electric field is applied
to silicene sheet, due to different responses of silicon
atoms at each of the sublattices, there exists a poten-
tial difference between two sublattices which is known
as staggered potential [24]. Exactly analogous to an ex-
ternal magnetic field which can induce a net spin polar-
ization, this static perpendicular electric field can induce
pseudo-spin polarization. In this work the role of perpen-
dicular static electric field in light induced polarizations
has been numerically studied. It has been observed that
in the absence of this field, there is no non-equilibrium
pseudo-spin polarization. By switching on the normal
electric field, significant non-equilibrium polarization can
be generated. In addition, external electric field remark-
ably enhances other light induced polarizations such as
pseudo-spin current.
Applying the perpendicular static electric field which
produces a staggered potential between two sublattices,
breaks the inversion symmetry and subsequently induces
a net pseudo-spin polarization at equilibrium (Figs. 2
and 3) around the Dirac points. As shown in the Figs.
2 and 3 each band has a specified normal pseudo-spin
polarization at Dirac points where the successive band
has opposite pseudo-spin polarization. However, as it
has been shown in this work pseudo-spin polarized bands
provide more effective framework for light induced polar-
izations. Normal electric field is responsible for pseudo-
spin polarized bands at equilibrium meanwhile, it should
be noted that the non-equilibrium light induced pseudo-
spin polarization has also been enhanced remarkably by
the staggered filed.
The main role of the perpendicular electric field can
be clearly seen in equilibrium condition i.e. in the ab-
sence of radiation field when silicene sheet is exposed to
perpendicular Electric field, Ez, there will exist a net
pseudo-spin equilibrium polarization.
As it can be seen in the previous figures, in the ab-
sence of light emission, applying perpendicular electric
field solely can induce a net pseudo-spin polarization in
both valence and conduction bands. Normal component
of pseudo-spin, τz, is a good quantum number close to the
Dirac points. Therefore, it is noticeable that any factor
which causes an inter-band transition, this band change
is also accompanied with a pseudo-spin flip of electron.
On the other hand, as mentioned earlier normal
FIG. 2: (Color online) Pseudo-spin polarization of the first
conduction band (n=3). States are fully pseudo-spin polar-
ized very close to the Dirac points and become partially po-
larized away from these points.
FIG. 3: (Color online) Pseudo-spin polarization of the second
valence band (n=2).
electric field results in spin-valley locking. This can
be inferred from the Figs. 4 and 5 the this effect is
almost band-independent. This normal spin preserving
property of electrons at each of the valleys has been
removed by lifting the normal electric field.
The pseudo-spin polarized bands and spin-valley lock-
ing which has been observed at vicinity states of the
Dirac points can be explained simply within the Dirac
point approximation. given that extrinsic Rashba cou-
pling is small (that is about 0.001eV), in the presence of
6FIG. 4: (Color online) Spin polarization of the second valance
band (n=2).
FIG. 5: (Color online) Spin polarization of the first conduc-
tion band (n=3).
perpendicular electric field and very close to the Dirac
points (k → 0), low energy Dirac Hamiltonian is re-
duced as H = diag{ηλSO + lEz,−ηλSO + lEz,−ηλSO −
lEz, ηλSO− lEz}. Accordingly, in this case the Hamilto-
nian is diagonal in the bases of |τz > ⊗|σz > which means
that the eigenstates have definite pseudo-spin and spin
quantum numbers. Eigenvalue of this eigenstate is given
by εητσ = ησzλSO + τzlEz where ε
η
τσ = ε
−η
τ−σ clearly ex-
hibits spin-valley locking that electrons of the same band
and different valleys are isoenergetic when their spins di-
rected oppositely. Meanwhile, there is a gap between
the pseudo-spin up and pseudo-spin down states given
by ∆ = 2|lEz − λSO| which indicates that at zero elec-
tric field (Ez = 0) the energy difference between up and
down spins is very small of order of spin-orbit coupling
and therefore population difference between the oppo-
site spins is negligible. These results directly reflect the
time-reversal symmetry of the system when the inversion
symmetry is broken. In addition this electrically tunable
band gap provides a topological phase transition by ma-
nipulation of the normal electric field [4, 17].
As it is obviously shown up to here, perpendicular elec-
tric in silicene represents rich physics from topological
phase transition to pseudo-spin band polarization and
spin-valley locking [4, 15, 17].
V. VALLEY POLARIZATION: GENERATION
AND DETECTION
Valley polarization can be generated in different ways
in graphene-like materials. Magnetic barrier could be
inserted in a strained graphene sheet as a valley filter.
By adjusting the strength of strain and including a scalar
electric potential, amplitude of valley polarization can be
tuned meanwhile, its polarity is controllable by switching
the direction of the local magnetic field [25].
Since one can associate an intrinsic magnetic moment
to valley index, it is possible to measure this degree of
freedom directly. This valley-contrasting magnetic mo-
ment is called orbital magnetic moment and originates
from self-rotation of Bloch wave packets. Thus coupling
between orbital magnetic moment and an external mag-
netic field can produce valley polarization [26]. There
have been introduced several detection methods of valley
polarization. Di Xiao et al have measured this quan-
tity as a signal of orbital magnetization. Due to a quan-
tized valley-dependent Hall conductance, applying an ex-
ternal in-plane electric field induces a net Hall current
which in turn results in a transverse measurable volt-
age. Therefore the measurement of this voltage can be
interpreted as detection of valley polarization [26]. More-
over, it has been shown that by utilizing a universal con-
nection among optical oscillator strength of inter-band
transitions, the orbital magnetic moment and the Berry
curvature, one can optically measure the orbital mag-
netization and intrinsic anomalous Hall conductivity in
ferromagnetic systems [27]. The breaking of inversion
symmetry results in opposite Berry curvatures in two
valleys. In the absence of external magnetic field, the
net Hall current does not exist but applying a circularly
polarized light induces additional populations of electron
and holes which their travel to opposite edges of sample
generates a transverse voltage. The sign of this voltage
indicates the polarization of incident light [27].
There is another method that has been suggested for
measurement of valley-polarized current based on trans-
port features in a T-junction of two ribbons which was
reported in graphene systems [28]. The measured cur-
rents in the armchair and zigzag leads are used to deduce
the valley polarization of incoming current [28].
7FIG. 6: (Color online) (a) Normal field induced spin-valley locking. (b) Non-symmetric absorption of the circularly polarized
light [29] that generates spin and valley polarization.
In the present study it has been shown that how
spin-valley locking provides a simple magnetic method
for detection of the valley polarization. This is originally
based on the fact that non-equilibrium spin population
and valley population imbalance are proportional to
each other as a result of the spin-valley locking.
VI. DISCUSSION AND RESULTS
A. Light-induced spin and valley polarization
In the presence of staggered potential and due to spin-
valley locking, spin population imbalance is almost iden-
tical with the valley polarization at low Fermi energies.
In other words, since non-equilibrium spin polarization
coincides with the population imbalance between the two
valleys, therefore spin polarization measures indirectly
the valley polarization.
At first look it seems that the spin-valley locking re-
sults in exactly identical population of sz-spins with its
corresponding valley population. However, it is should
be noted that all of the occupied states in a single valley
are not completely sz polarized. Equilibrium spin polar-
ization of a given state depends on the position of this
state in k-space. Very close to the Dirac points states are
fully spin polarized and as the distance of the state from
the Dirac point increases, spin polarization of the state
decreases (Figs 3 and 2). At low Fermi energies the spin
and valley populations are very close while away from
the Dirac points states are partially polarized. Assuming
that the up (down) spins are located around the K (K ′)
valley (as a result of the spin-valley locking) the relation
between the spin and valley population at each of the
FIG. 7: (Color online) Spin polarization as function of the
photon frequency when lEz = 0.03eV .
valleys can be given by the following expressions,
n↑ = αKnK
n↓ = αK′nK′ , (20)
where, nK (nK′) stands for the valley population of K
(K ′) valley and n↑ (n↓) is the spin population of the
same valley. αη is a coefficient that measures the ra-
tio of the polarized state in the η-valley which depends
on the Fermi wave number (kF ). Due to the symme-
try of the valleys one can expect that αK = αK′ = α
8and accordingly one can easily obtain Ps = α Pv where
Ps = (n↑ − n↓)/n and Ps = (nK − nK′)/n are the spin
polarization and valley polarization of the system respec-
tively. Meanwhile, the n = nK + nK′ is the electronic
population of the sample. α can simply be estimated by
the following relation,
αK =
1
(~/2)n
< Sz >K , (21)
in which < Sz >K is sum of the expectation value
of sˆz over all of the occupied states in a single valley.
Therefore, spin and valley polarization can be related to
each other via Ps = α Pv.
As it is shown in the Fig. 6 in the absence of irradiation
there is no net spin polarization. After applying the
circularly polarized electromagnetic field, as the charge
carriers in two different valleys, K and K ′, response
differently to this specific chirality of light, there will
emerge different population of electrons in each of valleys
which is known as valley polarization (Fig. 6).
Behavior of the system depends on the chirality of
circularly polarized incident light. When the silicene
sheet is exposed to circular right-handed polarized light,
the behaviour of spin in K valley is exactly the same
as K ′ valley in the presence of left-handed light and
vice-versa. Accordingly, it is expected that each of these
circularly polarized lights could provide one of the valley
polarizations in the silicene [29].
Numerical results which have been represented here
are normalized to electrons density of the system,
n0 ' 1.5 × 1015cm−2 and temperature given in the
distribution functions has been chosen to be T = 1K.
As shown in Fig. 7 circularly polarized light can gen-
erate spin polarization. At several frequencies in which
the band energy difference coincides with the energy
of absorbed photon spin-polarization shows remarkable
jumps. Meanwhile, as indicated in Fig. 8 spin polariza-
tion is suppressed at Ez = 0. This can be explained by
the concept of the spin-valley locking and non-symmetric
light absorption of the left and right-handed photons. As
discussed earlier, light induced spin polarization in sil-
icene can be considered as a direct consequence of the
spin-valley locking that has been induced by the normal
external electric field.
Since momentum transfer of photon induced transi-
tions is small, this type of state-change cannot be respon-
sible for inter-valley transitions. The momentum differ-
ence between two valleys is of the order of ∆k ∼ |K −K ′|
which is quite large amount in the momentum space for
photon induced transitions at energy range where the
light absorption rate is not zero [26]. Meanwhile some
short-range impurities can provide such a large momen-
tum transfer. It should be reminded that the calculations
have been performed beyond the Dirac point approxi-
FIG. 8: (Color online) Spin polarization of (a); K and (b);
K′ valleys in terms of the normal electric field at ~ω = 0.3eV .
mation where any possible inter-valley transition can be
captured within this method.
In the regime of elastic scatterings of impurities,
for insulating silicene there is no inter-band induced
relaxation thus electron population at each of the valleys
remains unchanged. Different type of transitions has
been illustrated schematically in Fig. 9. Inter-valley
FIG. 9: (Color online) Blue arrow indicates intera-valley
inter-band transition. Red arrow represents intra-band inter-
valley elastic transition and green arrow is a schematic exam-
ple of inter-valley inter-band transition.
transitions which could be originated from the short
range impurities can provide the inter-valley momentum
transfers. In addition this type of transitions take place
when the impurity potential provides a spin flip of
electrons since the different valleys are oppositely spin
polarized as a result of spin-valley locking. Therefore
an inter-valley transition should be followed by a flip of
normal spin component. Therefore, it can be inferred
that inter-valley transitions in staggered potential
regime just could be provided by sharp (short range)
9FIG. 10: (Color online) Spin based detection of the valley polarization in which the light induced valley polarization could be
measured by its corresponding spin polarized population.
and magnetic impurities.
Spin and valley relaxation times (τs and τv) are given
by τs ' τv ∼ 1∑
K′λ′ W
ξξ′
λλ′ (k,k
′)
. Where W ξξ
′
λλ′ (k, k
′) is the
transition rate from |kλ〉 state of ζ valley to |k′λ′〉 of ζ ′.
At the elastic regime with nonmagnetic impurities one
can realize that, 1τs ' 1τv ∼
2piv20
~Ef n|〈u
†
Kλ|uK′λ〉|2. Regard-
less of the chosen form of electron interaction with light
and impurity, in the elastic regime of relaxations, if the
short-range impurities are nonmagnetic, the probability
of inter-valley transitions for the states in vicinity of
Dirac points is practically negligible < u†KλuK′λ >→ 0
where K and K ′ are valley indices and λ stands for
energy band (band index should not change in the
elastic scatterings therefore both states uKλ and uK′λ
have the same band number). Thus the electron states
could be considered as long- live spin-valley states i.e.
spin and valley lifetimes are of the same order and large
enough to preserve against the relaxations. It should
be noted that long-wavelength electromagnetic waves,
as considered in this work, cannot provide momentum
transfer of inter-valley transitions.
B. Spin-valley locking based Detection of
valley-polarization
Since, the valley population imbalance is proportional
to spin polarization it seems that the spin polarization
detection devices could be proposed for valley polariza-
tion measurements as well. As shown in the Fig. 10
detection setup includes silicene sheet deposited on a
bipartite substrate. One half is non-magnetic and the
other half is magnetic. The circuit is initially biased
to sweep the carriers from non-magnetic part to the
magnetic part which acts as a detection region.
By applying the electromagnetic radiation on non-
magnetic part, if the light-induced magnetic polarization
is aligned with magnetization of ferromagnetic substrate,
the voltage in circuit will be increased as well as an op-
posite δM leads to voltage decrease. The net magnetic
polarization induced by photoelectric effect reads as fol-
low δM =
∑
δS
L3
Where the summation is over the whole volume of the
detection region and L3 is the volume of bulk. Then
V ∼ δΦδt , V is the induced voltage and Φ is the magnetic
flow passing through the circuit cross section area, A,
due to induced current which is related to the normal
component of magnetization, Mn by Φ = 4piAMn [30].
As discussed before and also has been reported in pre-
vious works [15, 16]) spin-valley locking enhances spin
life-time. Therefore, in the spin-valley locking regime
spin relaxation time could be high enough to be effec-
tively detected in the magnetic region.
C. Non-equilibrium pseudo-spin polarization and
pseudo-spin current
FIG. 11: (Color online) Pseudo-spin polarization of (a); K
and (b); K′ valleys at lEz = 0.03eV .
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FIG. 12: (Color online) Pseudo-spin polarization of (a); K
and (b); K′ valleys in terms of the normal electric field at
~ω = 0.3eV .
As it can be inferred from Figs. 11 and 12 non-
equilibrium pseudo-spin polarization can be induced by
circularly polarized photons. The light-matter interac-
tion leads to a considerable non-equilibrium pseudo-spin
polarization when the normal static filed is applied. It
should be noted that in the absence of perpendicular
electric field, non-equilibrium pseudo-spin polarization
cannot be injected by the radiation field (Fig. 12). At
zero electric field and very close to the Dirac points
band energies are given by εητσ = ησzλSO where the
eigenstates are |τz > ⊗|σz > and therefore pseudo-spin
up and down states located near to these points become
degenerate at Ez = 0. This gives rise to zero pseudo-spin
polarization. On the other hand states that have been
placed far from the Dirac points are not pseudo-spin
polarized and light induced transitions between these
states could not result in effective non-equilibrium
pseudo-spin polarization.
Meanwhile, since successive pseudo-spin dependent
bands in the presence of normal field have opposite sign
of pseudo-spin polarization, light induced transitions be-
tween these bands result in negative non-equilibrium
pseudo-spin polarization (Fig. 12).
As depicted in Figs. 13 and 14 light induced transi-
tions can result in non-equilibrium pseudo-spin current
in silicene. Figures show that pseudo-spin-polarized
currents are different in two perpendicular directions x
and y. This means that optical radiation not only injects
valley polarization in silicene sheet but also results in
anisotropic response of the system. This anisotropy
would rely on the silicene band anisotropy which can
be captured beyond the Dirac point approximation as
performed in the present study. Within this approach
band anisotropy manifests itself in the numerical results.
Since the circularly polarized photon absorption is not
symmetric at different valleys, the population imbalance
between the K and K ′ = −K results in electric current.
Therefore pseudo-spin polarized current increases by
normal electric field based on the background pseudo-
spin polarization increment.
However, it is really remarkable that unlike the
non-equilibrium spin and pseudo-spin polarizations,
pseudo-spin current could be generated even at zero
normal electric field (Figs. 13 and 14). This reflects
the fact that not only the light absorption of different
valleys are not symmetric but also this absorption is
not identical for each of the states around a single
Dirac point. On the other words, in the absence of
the staggered potential each of the band states has
different pseudo-spin polarization, < τz >, depending on
the location of the state in k-space and band number,
however, the total pseudo-spin polarization of the band
is zero. When the circularly polarized light excites
non-symmetrical states around the Dirac point overall
induced pseudo-spin current becomes nonzero.
Meanwhile, this can be considered as a specific con-
sequence of the present approach which goes beyond
the Dirac point approximation. Within the Dirac point
approximation pseudo-spin current operator is given by
Jτzx(y) = vF
1
2 (τzτx(y) +τx(y)τz) (when the internal Rashba
interaction has been ignored) that identically vanishes
which shows that non-equilibrium pseudo-spin current
cannot be captured within the Dirac point approxima-
tion.
FIG. 13: (Color online) Light induced pseudo-spin current of
(a); K and (b); K′ valleys along the x-axis in terms of the
normal electric field at ~ω = 0.3eV . .
FIG. 14: (Color online) Light induced pseudo-spin current of
(a); K and (b); K′ valleys along the y-axis in terms of the
normal electric field at ~ω = 0.3eV .
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VII. CONCLUDING REMARKS
Within the semi-classical approach light-induced po-
larization in silicene has been investigated beyond the
Dirac point approximation. Calculations are performed
at the long-wavelength limit wherein the amplitude of ex-
ternal field remains practically constant over the atomic
scale, where light-matter interaction at this limit cannot
lead to inter-valley transition.
It has been shown that the normal electric field re-
sults in light induced spin and pseudo-spin polarization.
Meanwhile, this field enhances the light induced pseudo-
spin current.
Non-symmetric absorption of circularly polarized light
are known to be responsible for spin polarization and
pseudo-spin current.
Meanwhile, it is noteworthy, since inside each val-
ley initial and final states of transition possess different
pseudo-spins. Therefore, light induced transitions from
one energy band to another leads to pseudo-spin flip i.e.
negative non-equilibrium pseudo-spin polarization.
Spin-valley locking provides a magnetic framework for
detection of the valley polarization by non-equilibrium
spin measurements.
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Appendix
Spherical harmonics read as
Y00(θ, ϕ) =
1√
4pi
Y10(θ, ϕ) =
√
3
4pi
cos θ (A.1)
Y1,±1(θ, ϕ) =
√
3
8pi
sinθe±iϕ.
Where s and p orbitals can be written as
s(θ, ϕ) = Y00(θ, ϕ) (A.2)
px(θ, ϕ) =
1√
2
{Y1,1(θ, ϕ) + Y1,−1(θ, ϕ)}
py(θ, ϕ) =
1√
2
{Y1,1(θ, ϕ)− Y1,−1(θ, ϕ)}
pz(θ, ϕ) = Y10(θ, ϕ)
Meanwhile, following radial wave functions have also
been employed for defining the hybrid orbitals:
R30(r) =
2√
27
( a
Z
)−3
2
(
1− 2
3
(
Zr
a
)
+
2
27
(
Zr
a
)2)
e−(
Zr
3a )
R31(r) =
8
27
√
6
( a
Z
)−3
2
(
1− 1
6
(
Zr
a
))(
Zr
a
)
e−(
Zr
3a )
(A.3)
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